Abstract-The sum-frequency spectroscopy signatures of NH-(amide A) and C = O (amide I) groups, the amide segments in all proteins, are measured in thin films that consist of an ensemble of right-handed, helical poly--benzyl-L-glutamate (PBLG) macromolecules that are endgrafted and self-organized into a monomolecular film with a large degree of unidirectional order. Distinct sum-frequency spectral signatures associated with the amide A and the amide I bands are observed because of a strong noncentro-symmetry produced by intra-and intermolecular forces. Hydrogen bonding self-organizes amino and acidic groups within the molecular helical scaffold. In an endgrafted thin film, repulsive electrostatic forces between PBLG macromolecules stabilize the organization between molecules. The average orientation of the PBLG chain was measured. Imaging scans using sum-frequency generation, complemented by atomic force microscopy, were used to investigate the uniformity of orientation of the PBLG chains.
I. INTRODUCTION

P
ROTEINS play an essential physical and chemical role in living systems and consist of chains of interconnected molecular structures known as amino acids. The amino acids form linear chains along with side chains (e.g., glutamine, asparagines, tyrosine, etc.) create polypeptides that characterize a particular protein. Polypeptides are the building blocks that self-assemble into structures that can have a high degree of order with interesting nonlinear optical properties.
Second harmonic generation was observed at least four decades ago in crystals of amino-acids and collagen protein structures [1] , [2] indicating that noncentrosymmetric order can exist within proteins. The first quantitative study of protein molecules was performed by Bethea and Levine [3] soon after they developed the electric field induced second-harmonic (EFISH) technique to quantify the microscopic second-order and third-order hyperpolarizability of organic molecules [4] . They studied a homopolypeptide molecule poly--benzyl-L-glutamate (PBLG). While such synthetic proteins lack the complexity of naturally occurring proteins, these poly(amino acids) or polypeptides exhibit the same secondary conformations as seen in proteins. PBLG stabilizes in an extended, rigid, -helix configuration, resulting in unusual properties, such as a very large electrostatic dipole moment. A large dipole moment makes a molecule attractive for EFISH since the molecules are dissolved in a liquid and aligned with an electric field. Second harmonic generation has since been used to study cellular membranes [5] - [10] and is becoming a popular technique to image highly structured biological materials [6] , [11] - [20] .
In the last two decades, an in-depth understanding has developed of the origins of second-order effects in organic molecules and how noncentrosymmetric molecules can be arranged at the macroscopic level into noncentrosymmetric ordered films [21] , [22] . This organization is either through self-assembly such as crystallization [23] , or by directed assembly methods such as Langmuir-Blodgett-Kuhn deposition [24] , layer-by-layer deposition [25] - [27] , and, in the case of polymer films, electric field poling [28] . These methods of aligning molecules are quite different from those present in nature. For such reasons, we are interested in how the lack of inversion symmetry that is present at the molecular, intermolecular, and tissue level in biological materials is induced and how it leads to second-order nonlinear effects. It is interesting to note that the specific origin of the nonlinear effect in one of the most well-known protein structures to produce second harmonic generation, namely collagen, remains unknown [15] .
Long-range orientational order in a material is probed by second harmonic measurements and complements the techniques used for short range orientational order such as X-ray diffraction and atomic force microscopy. Sum-frequency generation (SFG) vibrational spectroscopy specifically identifies the molecular groups that produce second-order nonlinear optical effects [29] . By temporally and spatially overlapping infrared (IR) and visible laser pulses on a sample under investigation, a sum-fregency signal is produced that is detected in the visible. If the IR wavelength matches the IR and Raman active resonant vibrational modes of a molecule [30] and its polarization is aligned to excite it, a resonance-enhanced signal is produced. Recently, SFG has been used to study proteins adsorbed at interfaces [31] - [33] .
In this paper, we use, for the first time, SFG vibrational spectroscopy to identify the molecular origins of second-order effects in films of the synthetic protein PBLG. We also use SFG to map the orientational order of a thin film of PBLG fabricated by endgrafting vapor phase deposition and show that the film has a high degree of long-range orientational order that extends over area of several millimeters square.
II. PBLG MOLECULES
The polypeptides assemble into a highly ordered three-dimensional supermacromolecular structure. A regular network is formed by intramolecular hydrogen bonding between the carbonyl and the amino N-H groups on the main chain, and sometimes the sidegroups. As shown Fig. 1 , in PBLG the C O group repeat unit hydrogen bonds to the N-H group repeat unit to form a rigid -helical molecular scaffold [34] . The polar alignment of these groups produces a net electrostatic dipole moment along the main axis of the molecule. Unlike a flexible chain polymer, the PBLG -helix has a long persistence length. To a good approximation the net dipole moment is proportional to the number of peptide monomers . The dipole moment of a PBLG molecule in dichloroethane was measured to be Debye [3] . For PBLG with , electrostatic dipole moments have been reported in the 6000-8000 Debye range. For the PBLG molecules used in this paper, is approximately 100, leading to an estimated dipole moment of 340 Debye. The second-order nonlinear properties are also dominated by the alignment of the C O group with the N-H groups. The nonresonant second hyperpolarizibility of a PBLG molecule was estimated at m /V [3] . EFISH measurements have also been performed on PBLG with second-order nonlinear active sidegroups [35] .
III. PBLG MONOMOLECULAR FILMS
Dipole-dipole interactions play an important role in how organic molecules assemble in second-order nonlinear thin films [36] . In assembling films of PBLG, given the large electrostatic dipole moment of the individual molecules, dipole-dipole interactions play a particular important role. In physisorbed PBLG films, such as deposited by Langmuir-Blodgett-Kuhn technique or spincoating, neighboring polypeptide helices form antiparallel pairs [34] . Solution evaporated PBLG films [37] and spincoated films of PBLG with second-order nonlinear active sidegroups [38] that have been electric field poled, also exhibit the energetically preferred antiparallel alignment of neighboring polypeptide helices.
Monomolecular PBLG films with a high degree of polar order can be prepared by covalently grafting the ends of PBLG molecules to a solid substrate. This is accomplished by first modifying the surface with initiators for subsequent the polymer synthesis, and then growing a helical chain that is tethered to the surface (grafting from approach) [39] , [40] . Surface polymerization to produce PBLG monomolecular films has been performed in the melt [41] , in solution [40] , [42] - [45] , and by a vapor deposition polymerization [46] . Vapor deposition polymerization was used in this paper to grow a PBLG film. The advantage of the vapor deposition method is that it is a solventless procedure; moisture and impurities from the solvent are eliminated, thus minimizing unwanted polymer intermediates. During the vapor deposition process, PBLG helices are grown that are chemically grafted to a silicon dioxide interface that has been previously functionalized with a primary amino group. The vapor deposited PBLG is right handed, which is determined by the fundamental structure of the poly(amino acid). All vapor-deposited poly(amino acids) fabricated to date, the secondary structure is qualitatively the same as observed in normal bulk conditions. During the fabrication process, physisorbed PBLG are dispersed between the chemically-grafted molecules, and they have their dipole moments oriented antiparallel to the chemically-grafted molecules. After the deposition process the film is aggressively washed, which presumably removes the loosely bound physisorbed molecules, because a significant increase in the polar order of the film is observed [34] . PBLG films with thicknesses up to 150 nm has been produced by vapor phase deposition. The thickness of the PBLG films used in this study was 30 nm. With only the chemically-grafted molecules present, with one end firmly attached to the interfaces, repulsive electrostatic forces exist between neighboring molecules, and as will be shown in this paper, these forces lead to a high degree of long-range order.
The electromechanical and electrooptic properties of end-grafted PBLG monolayer film have been investigated previously. Jaworek et al. studied the piezo-electric properties [47] . The field-induced change in film thickness were dominated by a inverse-piezoelectric effect and demonstrated that the helices were in a parallel arrangement. An electrooptic coefficient on the order of 0.3 pm/V was measured that exhibited no detectable dependence on frequency of the exciting ac field [34] indicative of a dominant electronic contribution to the second-order nonlinear properties. While such measurements are indicative of a strong polar order, the sum-frequency measurements in this paper provide the conclusive evidence for the polar order in end-grafted PBLG films.
IV. SUM-FREQUENCY ANALYSIS
An electric field is created by sum-frequency generation in a thin film from the interaction between two electric fields, one in the infrared and one in the visible , through second-order nonlinear polarization interactions. In the coordinate system shown in Fig. 2 , ,
The vector electric field amplitude is , where is the unit polarization vectors in free-space. For -polarized fields , and . For s-polarized fields . The frequencies are related by , and the direction of the sum-frequency generated beam is determined by the momentum conservation condition (1) The nonlinear interaction at interfaces and thin films can be modeled by a polarization sheet [48] . Following the formulism in [48] - [50] , in the meter, kilogram, and second system, the electric field at the sum-frequency is , and the intensity generated in free space, given by , is (2) with the effective nonlinear susceptibility , where is the unit polarization vectors defined previously and , and . The super and subscripts in the permittivity and reflectivity coefficients, i.e., 1, 2, and 3, refer to the air, the thin silicon dioxide layer, and silicon substrate, respectively. The reflectivity factors are (3) where , and correspond to the transverse electric and transverse magnetic polarization, respectively, and
where refers to the component of the wavevector in the th layer.
V. SUM-FREQUENCY IN PBLG FILMS
We assume that the sum-frequency generation in the PBLG film dominates over any interfacial contributions, such that (5) The macroscopic tensor element is where is the surface density of the molecules and is a right-handed coordinate system in the molecular frame. The second-order nonlinear optical susceptibility of the PBLG helix is modeled by a distribution of cylindrically shaped molecules around the a symmetry axis , resulting in a cylindrical symmetry and only three independent tensor elements , and and [51] . Furthermore, in the PBLG SFG measurements, the visible and sum-frequency wavelengths are far from the electronic resonances, such that, compared to dominant , the contributions due to the elements are negligible. The IR interactions are resonantly enhanced when the polarization has a component along . With such assumptions, the cylindrical symmetric molecule has only two nonvanishing elements:
and . In the PBLG film, the molecules are tilted with respect to surface normal to produce an in-plane anisotropy. The tilt is described by a random variable , and distributed along an azimuthal angle , see Fig. 3 . A Fig. 3 . Orientation of the PBLG helical axis is describe by the angles and in the X Y Z sample coordinate system. The angle describes the rotation angle between the XYZ laboratory coordinate system and the X Y Z sample coordinate system. Boltzman probability distribution function will be assumed for and a delta probability distribution function for .
With all the beams -polarized (i.e., ), the effective nonlinear susceptibility is (6) Note that if the average tilt angle is zero, or the molecules are uniform distributed around the surface normal. As is expected, the -intensity is a very sensitive to the in-plane orientation of the PBLG molecules. The -intensity will have two distinct lobes that are perpendicular to the tilt-plane, which is defined by the angle .
With all the beams -polarized (i.e., ), the effective nonlinear susceptibility is (7) The sum-frequency intensity spectrum is described as [51] (8) for the sample oriented at an azimuthal angle , where and are the strength, damping constant, and angular frequency of a single resonant vibration, respectively. and are the nonresonant and the relative phase angle between the resonant and nonresonant signals. SFG vibrational spectroscopy identifies the resonant contributions in the monolayer.
VI. EXPERIMENTAL METHODS
PBLG was grafted onto native silicon dioxide layers on silicon substrates by a vapor deposition polymerization reaction. The monomer, N-carboxy anhydride of -benzyl-L-glutamic acid (B-NCA), was spread at the bottom of a glass reactor. Onto the substrate (1-aminopropyl) triethoxysilane (APS) initiator was first deposited by immersing it in a 0.3 wt% APS in acetone for 1 h at 50 C. The substrate was placed 1.5 cm above the B-NCA monomer and the chamber was evacuated and back-filled with . The system was then heated to 105 C and held at pressures of ca. 5 10 mbar for 2 h, during which the monomers in the vapor phase react with the surface-attached amino groups, which initiate a ring opening polymerization to form the PBLG film. After the reaction, the substrate was soaked in (v/v) of dichloroacetic acid/chloroform to remove physisorbed oligomers, leaving only chemically grafted PBLG on the surface.
The IR-visible SFG spectroscopy scans were measured made by spatially and temporally overlapping IR pulse and visible pulse in the PBLG film and detecting the sum-frequency signal in reflection. The visible light was produced by a frequency doubled Nd:YAG laser with 22-ps pulses at 10-Hz repetition rate (EKSPLA model PL2143C) whereas the infrared tunable light was produced by an OPG/OPA/DFG unit (EKSPLA PG501VIR/DFG). Using the synchronized frequency tripled output channel of the pump laser, generation of light in the wavelength range 0.42-2.3 m was achieved using optical parametric generation and amplification in a LBO crystal. The idler was then used to seed the difference frequency generation in an AgGeSz cyrstal (DFG, between the seed and 1064 nm) achieving tuning in the 2.3-10 m wavelength range. The system was delivering over 100 J between 2.5 and 5 m while its line width was kept smaller than 6 cm . The wavelength can be stepped in 1-nm increments in the region of interest under computer control.
The 0.532 m laser beam was cleaned in a spatial filter, attenuated using a combination of a plate and a polarizer, delayed and focused onto the sample to a size of 2.7 mm resulting in an average fluence of 14 mJ/cm . A second plate was used to set the polarization of the visible beam onto the sample. The IR polarization was set using a ZnSe rhomb coated for low Fresnel losses between 2.5 and 10 m. A 25-mm lens focused the IR laser beam to a spot of 0.7 mm on the sample leading a typical fluence of 10 mJ/cm over the wavelength range 2.5-5 m. The IR beam is focused within the larger visible spotsize. The sum-frequency is generated in the overlap region. A HeNe laser beam was set collinear to the infrared laser beam to ease the alignment.
The angle between the incident infrared and visible laser beams was kept constant at 90 and the detection set at 25 with respect to the IR beam. While scanning the IR wavelength, the sample was rotated such that the phase matching condition was maintained, and the sum-frequency beam remains at a constant position on the detector.
The sum-frequency signal is filtered by a set of sharp cut edge color filters (Edmund Scientific, #J30 635, blue additive dichroic filter 4 10 at 0.532 m and 90% transmission in the 0.400-0.495-m sum-frequency wavelength range). An additional interference filter (Notch-Plus, Kaiser Optical system, Inc.) was used to attenuate any stray 0.532-m radiation by OD6. A photomultiplier (Hamamatsu #6095) with high responsivity in the blue range was used to detect signals. The produced current was transformed via a 50-resistance and the signal was preamplified using a 300-MHz preamplifier (Quad SR445). The data were analyzed using a gated integrator (SR250). The boxcar average was performed in baseline subtraction mode to reduce the background noise floor. Data was digitized (SRS245) and transferred to a computer.
The orientation of the PBLG on the surfaces is mapped by, for a fixed set of the input polarizations, scanning the sample to a point in the plane and at each point rotating the sample around the boundary normal about an azimuthal angle through 360 . All translation and rotation stages are under computer control.
An ellipsometer (Gaertner Scientific Corp., L116C) with a He-Ne laser was used to measure film thickness of the PBLG layer. A refractive index of was used for all the measurements and calculations. The reported film thickness was averaged from at least five different spots on each sample.
Fourier transform IR (FTIR) spectral measurements (PerkinElmer Spectrum 2000) were taken in transmission mode with a mercury cadmium telluride nitrogen cooled detector. For each sample, 1064 scans were taken at a resolution of 4 cm .
The film morphology was probed using a atomic force microscope (Digital Instruments, NanoScope IIIa MultiMode) and the images were captured in the tapping mode using E and J scanners at frequencies of 0.5-1 Hz. Fig. 4 shows the infrared transmission spectra of the endgrafted PBLG film. The peptides in the helix produce vibrational signatures due to the stretches of N-H (amide A, 3294 cm ), C-N (amide II, 1549 cm ), and C O (amide I, 1653 cm ) segments. The peak at 1734 cm is the side chain C O peak arising from the ester group. The peaks at 3070 cm are the three aromatic CH stretches. Around 3100 cm , there is an Amide B peak (from the overtone of the amide II vibration) that is obscured by the aromatic bands. The peak at 2968 cm is the methylene stretch (CH -CH stretch). The spectral features below 1300 cm are caused by overtones, bends, and scissors of various molecules. The IR vibrational signatures are consistent with [43] . Fig. 5 shows the sum-frequency reflection spectra of the endgrafted PBLG film when all beams are polarized. The main peaks in this spectrum correspond to stretches of N-H (amide The main peaks in the sum-frequency spectrum originate from collective radiation from noncentrosymmetric oriented NH and CO-groups within a single helix, and their noncentrosysmmetric organization of the helices within the film. The amide II band and other features clearly present in the IR spectra are notably absent in the sum-frequency spectrum because they do not have noncentrosymmetric order.
VII. RESULTS AND DISCUSSION
A, 3294 cm ) and the C O (amide I, 1653 cm ) segments. In organic molecules, the second-order hyperpolarizability is maximized by efficient intramolecular charge transfer (ICT) of delocalized electrons between donor and acceptor groups. Within each peptide unit the intramolecular charge transfer is poor and the associated with each peptide is comparable to small molecules [3] . At a supramolecular level, the is several times larger than each peptide unit, not because of ICT, but due to the number of NH and CO-groups units that are well-oriented in -helix. As seen in Fig. 1 , the NH and CO-groups organize in a noncentrosymmetric manner within the molecular helical scaffold. As seen in Fig. 1 , the C O group repeat unit forms a hydrogen bond with the N-H group repeat unit , and are organized in a noncentrosymmetric manner within a rigid -helical molecular scaffold. There is no ICT between the th C O group and the th N-H group, each peptide unit acts as an independent radiator. In the endgrafted PBLG film the individual PBLG helices are well-oriented with respect to each other due to a repulsive intersupramolecular electrostatic repulsive force. Each PBLG is grafted to the substrate through the same end-terminus, leaving an array of right-handed helices, each with a very large electrostatic dipole moment pointing in the same direction. The main peaks in the sum-frequency spectrum originate from collective radiation from noncentrosymmetric oriented NH and CO-groups within a single helix, and the noncentrosymmetric organization of the helices in the film. The amide II band and other features clearly present in the IR spectra are notably absent because they do not have noncentrosymmetric order. For example, the C-N (amide II) peak present in the IR spectrum is absent in the sum-frequency spectra, because as can be seen in Fig. 1 , the C-N groups are centrosymmetrically organized within the helix.
The PBLG films were remarkably thermally stable. The samples were heated to about 150 C while in-situ SFG spectra measurements were performed. Up to about 130 C no changes in the spectra were observed. At higher temperature the peaks disappeared without observing a broadening of the peaks, which is indicative of PBLG molecules being sublimated from the surface before thermal disorder sets in. This stability of PBLG films to 130 C has also been independently confirmed by in situ AFM studies [52] .
The average orientation of the helices was determined by fixing the IR wavelength to the the N-H (amide A, 3294 cm ) stretch and then rotating the sample around a fixed point while keeping the polarizations fixed at either or . A nonlinear least square fit was performed using the effective nonlinear susceptibilities given by (6) and (7). The fitting parameters are , and . The angle is estimated from the two distinct lobes in -polar that are perpendicular to the tilt-plane
Using this value for , the average tilt angle is determined from the -polar measurements. The following parameters were used for the Fresnel factors. The indexes of refraction for the silicon substrate are at 0.532 m (the wavelength of the visible beam), at 0.465 m (the wavelength of the sum frequency component), and at 3.7 m (the wavelength of the IR beam). The silicon dioxide was 30 nm thick and the indexes of refraction are at 0.532, at 0.465, and at 3.7 m. The index of monolayer was set to 1.48, since the fitted value for changed by less than 3% when the index of refraction of the monolayer was in 1.43-1.50 range. For the -polar measurement, the value of fitted to . The silicon dioxide layer is so thin compared to any of the wavelengths present, and thus has minimal effect on the Fresnel factors. Fig. 6 shows the fitting result of one of the measurements. Fig. 7 shows five polar measurements and their location on the sample and their nonlinear least square fits. Table I summarizes the average angle and for the five points. The average value of the tilt angle is which compares well with the IR tilt angle measurements of PBLG films measured by Wieringa et al. [43] . The orientation distribution of the PBLG molecules on the sample was imaged using sum-frequency from the N-H band in the following manner. Imaging the surface by performing and polar measurements on a closely spaced grid is impractical since to accumulate such dataset at each sample point takes more than one hour. To overcome this practical limitation, we set the beams at either or , and scan the sample in the -plane on a 4 4 mm grid, with points spaced 63 m apart. Fig. 8 shows the high spatial resolution -and -datasets of the SFG signal intensity distribution on the sample. The orientation distribution of the helix within 4 4 mm region is determined at a specific point by using the information in the five higher angle resolution -and -polar datasets (Fig. 7 ) and the information in the higher spatial resolution -and - datasets (Fig. 8) . From the -and -datasets, the known SFG intensities at the point at coordinate ' ' and ' ' are and where ar are the unknown angles. Let the coordinate of the nearest point where polar measurements were performed where and are known, see Table I . The angle and are then numerically solved from the following nonlinear equations:
In this numerical solution, the value of is confined to the range to resolve multivalued solutions. Fig. 9 shows the spatial map of the tilt angle and the azimuthal orientation. The distribution of the out of plane tilt angle is very homogeneous over the measured area. Similarly, so is the distribution of the in plane azimuthal angle, with the exception of a transition by 90 in one of the corners. This is indicative of the formation of electrostatic domains as large in area as several millimeters square.
The morphology of end-grafted PBLG monolayers on silicon dioxide substrates has been investigated [46] , [52] . A representative AFM image of an endgrafted PBLG film is shown in Fig. 10 over a 5 5 m area. The chemisorbed PBLG surface has a whispylike appearance with no indication of grains. The surface does not have the fibrillar and network structure observed in physisorbed PBLG films, and is not granular as was found with other chemisorbed polypeptide films. The SFG mapping of the orientation of the helices suggest that in the chemisorbed films uniform domains exist that are on the order of several millimeters in size.
VIII. CONCLUSION
We have shown experimentally for the first time, by sumfrequency spectroscopy, that the origins of the optical secondorder nonlinearity in PBLG molecules are collective contributions from the amide N-H (amide A, 3294 cm ) and the C O (amide I, 1653 cm ) segments. Hydrogen bonding creates an -helix, and also organizes the N-H and C O segments in a noncentrosymmetric manner. Not only does this organization in each -helix lead to a large electrostatic dipole moment per supramolecule, it also causes the large second-order nonlinear hyperpolarizibility per supramolecule. In the endgrafted chemi-absorbed monolayers, an ensemble of molecules is highly organized over a large area because of the large electrostatic repulsive forces caused by dipole-dipole interaction and parallel alignment between neighboring supramolecules. By scanning sum-frequency imaging, we showed that the orientation of the helical molecules is uniform over several millimeters. Considering the diameter of the PBLG helix is on the order of 3 nm, the thickness of the film is 30 nm, the uniformity of the orientation over length scale of several millimeters is remarkable and indicative of how effectively protein structures can self-organize.
